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Abstract
This paper reports a series of measurements that characterize the directional dependence of the scintillation response
of crystalline melt-grown and solution-grown stilbene to incident DT and DD neutrons. These measurements give the
amplitude and pulse shape dependence on the proton recoil direction over one hemisphere of the crystal, confirming
and extending previous results in the literature for melt-grown stilbene and providing the first measurements for
solution-grown stilbene. In similar measurements of liquid and plastic detectors, no directional dependence was
observed, confirming the hypothesis that the anisotropy in stilbene and other organic crystal scintillators is a result of
internal effects due to the molecular or crystal structure and not an external effect on the measurement system.
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1. Introduction
Stilbene is an organic crystal scintillator that has been
used for many decades for radiation detection. Recently,
a new solution-based growth method has been devel-
oped that produces large crystals with high light output
and excellent neutron-gamma pulse shape discrimina-
tion (PSD) [1, 2, 3]. This solution-grown stilbene is
receiving substantial interest over liquid and plastic al-
ternatives as its performance is better than liquid and
PSD-capable plastic scintillators [2, 4, 5], and its solid
form is often easier to work with than liquid scintillators
that are subject to thermal expansion and risk of leaks.
Crystal organic scintillators are known to have a di-
rectionally dependent scintillation response for heavy
charged particle interactions. The directional depen-
dence of anthracene has been widely characterized by
previous authors [6, 7, 8, 9], but only limited measure-
ments have been reported for the directional dependence
of stilbene. Previous measurements of proton recoil
events in stilbene include the magnitude of change in
light output at 3.7, 8, and 22 MeV [10, 8], and the light
output vs. angle in two planes at 3.7 MeV [10] and in
one plane at 14 MeV [7]. Thus far, no measurements of
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the effect across a full hemisphere of crystal axes have
been provided. Additionally, all previous measurements
were of melt-grown stilbene crystals. Given the rising
popularity of solution-grown stilbene as a detection ma-
terial, it is important to thoroughly characterize the di-
rectional dependence and understand if it depends on
crystal size or growth method.
This paper characterizes the scintillation anisotropy
in melt-grown and solution-grown stilbene for
14.1 MeV and 2.5 MeV proton recoil events. The mag-
nitude of change in the light output and pulse shape has
been quantified, and the light output and pulse shapes
have been characterized as a function of direction for
a full hemisphere worth of proton recoil directions. In
order to investigate how consistent the anisotropy effect
is across stilbene detectors, four stilbene samples have
been characterized. These include two solution-grown
samples with the same dimensions, a solution-grown
sample of different dimensions, and a melt-grown
sample of different dimensions.
Characterizing the effect across these four detectors
will provide information on whether the effect depends
on crystal geometry or growth method, and will evalu-
ate whether the effect varies significantly between two
seemingly identical stilbene samples. The geometry of a
crystal has been hypothesized to affect the anisotropy as
it impacts the light collection efficiency and PSD perfor-
mance [11]. The growth method and quality of the crys-
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tal has also been hypothesized to impact the anisotropy
since the growth method does impact the light output
and PSD performance [1, 2].
Previous authors stated that no anisotropy effect was
observed in amorphous plastic and liquid materials [12,
p. 261], but no measurements have been published to
support that statement. This paper reports measure-
ments of plastic and liquid scintillators that verify no
anisotropy is observed, supporting the leading hypoth-
esis that the physical mechanism that produces the
anisotropy comes from the molecular or crystal struc-
ture within the material and is not caused by an external
effect on the measurement system [6].
2. Measurements
In order to characterize the directional dependence in
these materials, the detector response to proton recoil
events at different directions in the detector was mea-
sured. The method for measuring proton recoil events
at a fixed energy as a function of recoil direction was
the same as in a previous paper which contains a more
detailed description than will be presented here [6].
To summarize, monoenergetic neutrons were produced
using a Thermo Electric MP 320 DD (D+D→3He+n;
En=2.5 MeV) or DT (D+T→4He+n; En=14.1 MeV)
neutron generator. Events in which the neutron de-
posited approximately its full energy to the recoil proton
were selected in order to choose proton recoils with en-
ergy Erecoil ≈ En traveling in the same direction as the
incident neutron. A motor-driven rotational stage was
used to position the detector at any angle in 4pi with re-
spect to the incident neutron direction. The detectors
were placed approximately 152 cm from the neutron
generator, controlling the incident angle of the neutrons
on the detector within 2◦.
Events were recorded using a Struck SIS3350
500 MHz 12-bit digitizer. The digitial signal process-
ing technique was the same as described in [6]. For
each event the light output L and pulse shape parame-
ter S were calculated. L was calculated as the sum of
digitized samples in each pulse. S was calculated as the
fraction of the light in a defined delayed region of the
pulse. The boundaries of the delayed region were se-
lected for each material independently via an iterative
process to maximize separation in the S vs. L distri-
bution of the neutron and gamma-ray events. The same
boundaries were used for all solution-grown stilbene de-
tectors, and different boundaries were used for each of
the melt-grown stilbene, liquid, and plastic detectors.
The light output in each detector was calibrated using
a 22Na gamma-ray source.
Neutron events were selected using a pulse shape dis-
crimination cutoff based on the S vs. L distribution. The
light output spectrum for neutron events was produced
and the following fit function was applied. This fit func-
tion approximates the detector response to a monoen-
ergetic neutron-proton scattering interaction subject to
nonlinearity in light output and detector resolution.
f (L) =
mL + b
2
[
1 − erf
(
L − Lˆ
σ
√
2
)]
− mσ√
2pi
e
−(L−Lˆ)2
2σ2 (1)
Lˆ represents the expected light output produced by a full
energy proton recoil. Events with light output in the
range Lˆ ± σ were selected as full-energy proton recoils,
widening the range of proton recoil directions to events
within a given angle of the forward direction. For this
measurement system, this angle was approximately 12◦
in the stilbene and plastic detectors and approximately
15◦ in the liquid detector. A distribution of S values
for the full energy events was produced, and a Gaus-
sian fit function was applied to calculate the centroid Sˆ
value which represents the expected pulse shape param-
eter produced by a full energy proton recoil.
Because the crystal axes directions are not known in
several samples, the proton recoil direction is expressed
in three-dimensional space with respect to an arbitrary
set of axes in (θ, φ) spherical coordinates. θ represents
the angle between the proton recoil direction and the
positive z-axis, and φ represents the angle between the
positive x-axis and the projection of the proton recoil
direction on the xy-plane. Due to crystal symmetry,
only one hemisphere worth of interaction directions was
measured in each material. The arbitrary crystal axes
are established separately for each sample, so the (θ, φ)
coordinates do not correspond to the same crystal axes
directions between measurements. The arbitrary axes
were oriented so that interesting features on each distri-
bution are away from the edges.
3. Anisotropy Measurements on Stilbene
The directional response to 14.1 MeV and 2.5 MeV
proton recoils was characterized in four stilbene sam-
ples. Three were produced using the solution-growth
method. Of these three samples, two are cubic samples
with 1.5 cm edge lengths and known crystal axes direc-
tions, shown in Fig. 1a. The third is a rectangular prism
with approximate dimensions 4.3 cm x 2.5 cm x 0.9 cm.
The crystal axes directions in the third sample are un-
known. The fourth sample is an older stilbene crystal
with unknown history and considerable wear, shown in
Fig. 1b. It was produced using a melt growth technique,
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(a) Bare solution-grown cu-
bic stilbene with crystal
axes indicated.
(b) Melt-grown cylindrical
stilbene wrapped in teflon
tape.
Figure 1: Photos of solution-grown and melt-grown stilbene samples.
so it is unlikely to be a perfect monocrystal. The crystal
is cloudy and the surface has been polished numerous
times. This crystal is a cylinder of size approximately
1 cm height and 1 cm diameter.
Each crystal was polished and wrapped in teflon tape
before mounting to the face of a 60 mm Hamamatsu
H1949-50 photomultiplier tube (PMT) assembly using
V-788 optical grease. A plastic sleeve was placed over
the crystal and wrapped in black tape to block out ex-
ternal light. The coupling of the crystal and PMT were
fixed for all measurements to control the light collection
efficiency.
Fig. 2 shows the directional response of one of the cu-
bic solution-grown stilbene samples to 14.1 MeV proton
recoil events. This data is provided in the supplemen-
tary files accompanying this paper. This visualization
displays a hemisphere worth of directions essentially
as if it had been flattened and viewed from above with
r =
√
1 − cos θ increasing radially outward from 0 to 1
and φ increasing counter-clockwise from 0◦ to 360◦. An
arbitrary set of axes has been established such that the
features of interest are on the interior of the plot and not
on the edges. In all such plots, the black points indicate
measurements and the color scale represents a smooth
interpolation between measurements. The length of the
vertical bar on the colorbar indicates the average statis-
tical error.
The measurements on the cubic solution-grown sam-
ples with known crystal axes confirm statements by pre-
vious authors that the proton recoil direction of maxi-
mum light output is along the b-axis and minimum light
output is along the c′-axis. The Lˆ distribution shows
a distinct maximum region at approximately (θ, φ) =
(50◦, 210◦) which is confirmed to be the direction of the
b-axis in the crystal axes. The minimum region is at
approximately (θ, φ) = (60◦, 330◦) which is the c′-axis,
and a saddle point is at approximately (θ, φ) = (45◦, 90◦)
which corresponds to the a-axis.
The features are very similar between the Lˆ and Sˆ dis-
tributions. The locations of the maximum, minimum,
and saddle points are approximately the same in both
distributions. This is different from anthracene, whose
maximum and minimum directions are opposite in the
Lˆ and Sˆ distributions[6]. This is likely due to differ-
ences in molecular and crystal structure between stil-
bene and anthracene. One difference between the Lˆ and
Sˆ distributions in stilbene is that the gradient from larger
to smaller values is much steeper in the Sˆ distribution,
making for wider “valleys” in the Sˆ distribution than in
the Lˆ distribution.
(a) Light output Lˆ (keVee).
(b) Pulse shape parameter Sˆ .
Figure 2: Response of solution-grown cubic stilbene crystal B at var-
ious recoil directions to 14.1 MeV protons.
The qualitative features appeared the same for mea-
surements at 2.5 MeV and on the other two solution-
3
grown stilbene samples at 14.1 MeV and 2.5 MeV.
Thus, these measurements showed that the qualita-
tive features observed in the directional distribution of
the light output and pulse shape are consistent across
solution-grown stilbene samples with different geome-
tries and at different proton recoil energies.
Fig. 3 shows the directional distributions for the melt-
grown stilbene detector. The arbitrary crystal axes in the
melt-grown stilbene have been oriented so that the fea-
tures approximately line up with the corresponding fea-
tures in the solution-grown stilbene. These distributions
show that the qualitative features in the directional light
output and pulse shape responses are consistent between
a melt-grown and solution-grown stilbene sample.
(a) Light output Lˆ (keVee).
(b) Pulse shape parameter Sˆ .
Figure 3: Response of melt-grown stilbene crystal at various recoil
directions to 14.1 MeV protons.
To quantify the magnitude of the directional depen-
dence, two metrics are calculated for each detector. The
first metric is the magnitude of change across all mea-
surements, calculated as the ratio of the maximum to
minimum Lˆ and Sˆ values:
AL =
Lˆmax
Lˆmin
AS =
Sˆmax
Sˆmin
Table 1 shows the AL and AS values and their sta-
tistical errors calculated for the four stilbene materials
measured. The AL and AS values are on the same or-
der across all materials at 14.1 MeV, although the AS
value is not directly comparable between the solution-
grown materials and the melt-grown materials because
the timing windows for defining the delayed region in
calculating S are different. The statistical error is prop-
agated from the error produced by the fit function, and
does not account for systematic errors such as fluctua-
tions due to temperature effects or the different distribu-
tion of angles measured in each material.
AL and AS vary more for measurements at 2.5 MeV
than at 14.1 MeV, likely due to the difficulty in fitting
the light output spectrum at 2.5 MeV. Fig. 4 shows the
neutron light output spectra for DT and DD neutrons
measured at a given angle in the solution-grown cubic
stilbene B sample. The edge in the light output spectrum
is much clearer to the naked eye in the DT distribution
than in the DD distribution for several reasons. First,
the DD measurements suffer from fewer events as the
cross section for the DD reaction is much lower than
that for the DT reaction. Also, there are fewer optical
photons produced per DD event, making for lower en-
ergy resolution due to photostatistics. The fit function is
much more robust for the DT measurements, and con-
sistently locates the same Lˆ value regardless of bin size.
Although the fit function locates Lˆ in the DD light out-
put spectrum, it is not a very robust process as changing
the binning or light output range can change the final
Lˆ value significantly. In the DD measurements on the
cubic B and melt-grown samples, over 70 proton re-
coil directions were measured, and the distribution of
Lˆ and Sˆ values showed features similar to the DT dis-
tributions, lending confidence that the fit function se-
lected a consistent feature on the light output spectra.
In the DD measurements on the cubic A and rectangu-
lar samples, however, measurements were only taken at
the angles of maximum and minimum light output from
the corresponding DT measurements so no assessment
of the overall features could be made, giving less con-
fidence that the fit function performed consistently on
those measurements, so the AL and AS values calculated
from those two measurements are considered less reli-
able. Those values are indicated with an asterisk (*) in
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Table 1: Magnitude of change in Lˆ and Sˆ values measured for stilbene detectors. *Indicates only maximum and minimum angles from DT
measurements were measured at DD energies.
AL AS
14.1 MeV 2.5 MeV 14.1 MeV 2.5 MeV
Solution-grown
Cubic A 1.200 ± 0.007 1.468 ± 0.050* 1.071 ± 0.001 1.034 ± 0.005*
Cubic B 1.191 ± 0.008 1.365 ± 0.039 1.100 ± 0.001 1.058 ± 0.007
Rectangular 1.191 ± 0.004 1.327 ± 0.026* 1.078 ± 0.001 1.039 ± 0.005*
Melt-grown 1.187 ± 0.005 1.401 ± 0.055 1.066 ± 0.001 1.048 ± 0.003
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(b) DD neutrons.
Figure 4: Light output spectrum fit as measured for DT and DD neu-
trons incident on the cubic solution-grown stilbene sample B.
Table 1.
The magnitude of change of the light output in melt-
grown stilbene samples has been reported by previous
authors [10, 8]. Fig. 5 shows the AL value measured
by previous authors and in this paper at different pro-
ton recoil energies. All measurements are consistent
with the trend that the magnitude of change in the light
output decreases as the proton recoil energy increases.
Comparing these results to similar measurements of an-
thracene made with the same detection system [6] con-
firms previous authors’ statements that the magnitude of
the light output anisotropy in stilbene is on the same or-
der as that in anthracene, but the pulse shape anisotropy
is much greater in anthracene than in stilbene [8].
Another metric for quantifying the anisotropy is the
variability introduced to the Lˆ and Sˆ values by the effect.
101
Proton Erecoil (MeV)
1
1.2
1.4
1.6
A
L
Brooks and Jones
Tsukada and Kikuchi*
This Paper
Figure 5: Magnitude of change in light output for proton recoil events
at energies from 2.5-22 MeV in melt grown stilbene detectors as re-
ported by Tsukada and Kikuchi [10], Brooks and Jones [8], and in
this work. *AL reported in [10] is for a polycrystalline sample, so it is
likely lower than the true value.
If the distribution of directions measured is approxi-
mated to be evenly distributed over the hemisphere, the
observed standard deviation σobs of measured Lˆ and Sˆ
values is related to the variability σanis introduced by
the anisotropy effect. The contribution from statistical
variance is subtracted in quadrature:
σanis =
√
σ2obs − σ2stat,
where σ2stat is the average statistical variance from the
set of measurements at different recoil directions. In
all cases, the correction for σstat resulted in a <5% dif-
ference between σobs and σanis. Values of σanis for
the solution-grown cubic B and melt-grown stilbene are
given in Table 2, normalized to the average measured
value µ.
Table 2: Normalized variability, σanis/µ, introduced by the anisotropy
in directional measurements of solution-grown cubic B and melt-
grown stilbene samples.
Solution-grown Melt-grown
Erecoil (MeV) 14.1 2.5 14.1 2.5
Lˆ 4.44% 7.42% 4.27% 7.80%
Sˆ 2.26% 1.37% 1.67% 0.99%
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These measurements show that the variability intro-
duced by the anisotropy at 14.1 MeV and 2.5 MeV is on
the same order in solution-grown and melt-grown stil-
bene samples. Again, comparing the variability in the
pulse shape is not perfectly fair as different timing win-
dows were used for calculating S in the solution-grown
and melt-grown detectors. Regardless, this serves as an
approximate comparison of the variability in the pulse
shape as calculated for optimal neutron-gamma PSD in
these materials.
4. Measurement of Plastic and Liquid Scintillators
Directional measurements were also made on plastic
and liquid scintillator detectors. The plastic sample was
a PSD-capable plastic cylinder approximately 1.25 cm
tall and 2.5 cm in diameter. The plastic sample was
wrapped and coupled to the PMT using the same pro-
cedure as described for the stilbene detectors. The liq-
uid scintillator was EJ-309 in a 5 cm tall 5 cm diameter
cylinder.
The same process was used for calculating Lˆ and Sˆ as
was used for the stilbene measurements. Fig. 6 shows
the directional response of the EJ309 liquid to 14.1 MeV
protons. Fig. 7 shows the same measurements on the
PSD-capable plastic scintillator. Additional measure-
ments were taken of 2.5 MeV proton recoils, and similar
features were observed in the directional responses.
These measurements do not show any directional
dependence correlated to detector orientation. The
strongest evidence supporting that conclusion is the lack
of qualitative features that are observed in the stilbene
detectors. These measurements do not show a maxi-
mum, minimum, and saddle point region in the hemi-
sphere with smooth transitions in between as was ob-
served in the stilbene measurements. Instead, the di-
rectional dependence appears to be random variability
from statistical and other non-statistical effects. Table 3
shows the observed variability σobs and the average sta-
tistical variability σstat in the liquid and plastic measure-
ments. For all cases, σobs is on the order of σstat, and
in the case of the light output at 2.5 MeV, σstat exceeds
σobs. This indicates that statistical fluctuations dominate
the observed variability, though other sources may ex-
ist including fluctuations in the room temperature. The
room temperature varied within a range of 1◦C for the
DT measurements and within 2◦C for the DD measure-
ments. If the relationship between the light output, pulse
shape, and temperature were known, temperature effects
could be corrected for, but no such relationship is avail-
able for this system.
(a) Light output Lˆ (keVee).
(b) Pulse shape parameter Sˆ .
Figure 6: Response of EJ309 liquid at various recoil directions to
14.1 MeV protons.
Thus, both qualitative and quantitative observations
confirm statements made by previous authors that no di-
rectional dependence exists in liquid and plastic organic
scintillators. The lack of directional variability corre-
lated to detector orientation in these amorphous mate-
rials indicates that the directional dependence observed
in crystalline materials is in fact due to an internal effect
and not produced by the measurement system or exter-
nal factors.
5. Conclusion
The measurements reported in this paper characterize
the directional dependence of the scintillation produced
by 14.1 MeV and 2.5 MeV proton recoil events across a
6
(a) Light output Lˆ (keVee).
(b) Pulse shape parameter Sˆ .
Figure 7: Response of plastic scintillator at various recoil directions
to 14.1 MeV protons.
hemisphere worth of directions in melt-grown and, for
the first time, solution-grown stilbene detectors. The
light output and pulse shape produced by 14.1 MeV and
2.5 MeV proton recoils at a hemisphere worth of direc-
tions in a solution-grown stilbene sample is provided in
the supplementary files accompanying this paper. The
scintillation was confirmed to be maximal for proton re-
coils along the b crystal axis and minimal along the c′
axis. The magnitude of change in the light output and
pulse shape was found to be consistent across four stil-
bene detectors of different geometries and growth meth-
ods. The relationship between magnitude of change in
light output and proton recoil energy agreed with mea-
surements by other authors at different proton recoil en-
ergies.
Table 3: Variability in directional measurements of liquid and plastic
scintillators.
Erecoil EJ309 Liquid Plastic
(MeV) 14.1 2.5 14.1 2.5
Lˆ
σobs /µ 0.60% 1.51% 0.96% 2.37%
σstat /µ 0.55% 1.87% 0.76% 3.49%
Sˆ
σobs /µ 0.17% 0.62% 0.27% 1.10%
σstat /µ 0.05% 0.19% 0.10% 0.39%
The directional response of liquid and plastic scintil-
lator detectors was also measured and results were pro-
vided to demonstrate that no anisotropy was present.
Those measurements support the leading hypothesis
that the scintillation anisotropy in crystalline materials
is caused by an internal effect and is not the result of an
external effect on the measurement system.
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